Abstract -Chromosomal evolution in the tribe Cercopithecini and in related taxa is highly debated. Uncertainty in reconstruction is mainly related to the great genetic variability and polymorphism of the taxa. Recent molecular and karyological efforts individuate a split between genetically conservative, arbitrarily defi ned, "terrestrial" guenons and vervets, and genetically variable and derived "arboreal" guenons. We performed the mapping of WS loci probe (7q11.23) in order to verify the chromosomal dynamics of the genomes of three tree-dwelling species of the tribe: C. neglectus, C. mitis mitis, C. albogularis labiatus. Data from literature for the "ground-dwelling" Chlorocebus aethiops sabaeus has been compared with our results. The distribution of the WS probe showed a high genomic dynamics in the different species, with three different pattern of rearrangements. Starting from the ancestral synteny 7 found in Pongo pygmaeus (PPY), the present mapping demonstrates different location of the hybridizations signals. A parsimonious interpretation lead to the hypothesis that a pericentric inversion transformed the PPY orthologous in C. neglectus. The C. mitis and the strictly related C. a. labiatus demonstrate more complex, and derivative, rearrangements. According to the position of the WS signal, and to banding pattern analysis, C. mitis and C. albogoularis, underwent to the pericentric inversion, followed by a paracentric inversion and a successive interstitial fi ssion that fragmented the synteny. Starting from the PPY like orthologous a single and independent event, a centric fi ssion, that did not affect the WS position, occurred in Ch. aethiops producing a Gorilla gorilla like chromosome. Our results confi rm the hypothesis that chromosomal dynamics in Cercopithecini proceed by fi ssions and inversions and indicate the usefulness of the locus specifi c mapping approach for the identifi cation of intrachromosome rearrangements.
INTRODUCTION
Many primate species, most of which are adapted to forest or woodland habitats, are characterized by a fragmented distributions. In particular, some African taxa such as Cercopithecini monkeys (Cercopithecidae) that live in forest islands, show high rates of speciation accompanied by high rates of chromosomal rearrangements (DUTRILLAUX et al. 1982; 1988) . Examples of evolutionarily dynamic genomes, a part from Cercopithecini, are well known among primates within Old World and Neo-tropical monkeys: e.g. Hylobatidae (STANYON et al. 1987) and Atelidae (DE OLIVEIRA et al. 2002) . Over the last decade, molecular cytogeneticists have used whole chromosome probes ("paints") and reciprocal chromosome painting to investigate syntenic homologies and to evaluate phylogenetic relationships previously proposed by comparisons of chromosomal banding patterns (BREEN et al. 1999; YANG et al. 2003) . The painting approach has led to a reappraisal of syntenic conservation or disruption in several primate taxa, and revealed previously unknown inter-chromosomal rearrangements (translocations, fusions and fi ssions) (BEST et al. 1998; FERGUSSON-SMITH and TRIFONOV 2007) . While comparative chromosome banding (DUTRILLAUX et al. 1979 ) and painting (WIEN-BERG et al. 1992; 2005) have long been used to demonstrate that Old Word monkeys tend to have conservative genomes, evidence is accumulating from sequence cross-matching and chromosome mapping that the evolutionary dynamics of syntenic association are often much more complicated than was previously suspected. Intra-chromosomal rearrangements [e.g. small inversions, centromeric shifts and breakpoints are not easily detected by paint hybridization, and may mask the derived condition (ROMAGNO et al. 2000 , MURPHY et al. 2000 . This problem can be mitigated by the use of BAC (Bacterial Artificial Chromosomes) probes, or by locus-specifi c probes, that can identify intra-chromosomal rearrangements .
A well-known exception to the cercopithecid tendency for genomic conservatism, is the African tribe Cercopithecinae (known by the FrenchEnglish name of Guenons, or in German as Meerkatzen). The cercopithecini includes the genus Cercopithecus and its sister genera of uncertain phylogenetic position: Allenopithecus, Miopithecus, Erythrocebus (HILL 1966; GROVES 2001; GRUBB et al. 2003) . The species of the "aethiops" group have been assigned to a new genus, Chlorocebus (GROVES 2001) . The tribe is characterized by a notable variation in diploid number (2N = 48-72) (CHIARELLI 1968) , and a high frequency of chromosomal rearrangements and polymorphisms. (DUTRILLAUX et al. 1979; PONSÀ et al. 1980; 1981; STANYON and SINEO 1983; SINEO et al. 1986; SINEO 1990) , often undetected by chromosome painting approach (STANYON et al. 2005; MOULIN et al. 2008) . Non-centromeric fi ssioning and centromere activation and deactivation are suspected as important mechanisms of chromosomal evolution in the tribe (FINELLI et al. 1999; RUIZ-HERRERA et al. 2002; NERGADZE et al. 2004) , together with inversions (VENTURA et al. 2007) .
The guenon fossil record indicates the emergence of the group in Pleistocene with a consequent intense radiation (PICKFORD 1986) . The guenon monkeys are relatively generalized in body shape, and the species are marked by vivacious pelage patterns. Current taxonomic works list from 23 to 36 species (BUTYNSKI 2002; KING-DON 1997; GROVES 2001; GRUBB et al. 2003) . Present systematic schemes (Groves 2001) recognize 8 species groups (i.e. closely related species) within Cercopithecus: C. cephus, C. diana, C. dryas, C. hamlyni, C. l'hoesti, C. mitis, C. mona, C. neglectus , with the exclusion of sister genera. Nevertheless, the composition of the species groups has been repeatedly debated (SI-NEO 1990; GROVES 2001; GRUBB et al. 2003; TOSI et al. 2003; 2004; 2005) . The phylogeny of the tribe is consequently contested.
Molecular and chromosomal reconstructions identify two main branches among the guenon genera: those taxa that are arboreal, and those that display extensive terrestrial activity (TOSI et al. 2003; 2005; STANYON et al. 2005) . According to these authors "terrestrial" guenons are more conservative. A phylogenetic analysis based on the positions of Alu insertions (XING et al. 2007) indicated the division of the tribe into the clades: tree-dwelling guenons, the related Miopithecus (formerly considered an ancestral representative related to the other sister genera), a heterogeneous grouping of C. l'hoesti, E. patas and Ch. aethiops, arbitrarily considered as a "terrestrial" group, and last, a confi rmed basal divergence for Allenopithecus nigroviridis (as proposed by NAPIER and NAPIER 1985) . Other analyses support a reticulate pattern of evolution (DUTRILLAUX et al. 1979; DI-SOTEL and RAAUM 2002; MOULIN et al. 2008) .
In order to test the dynamics of the guenons chromosomes we performed fl uorescence in situ hybridizations using the William-Beuren (WS) probe (HSA7q11.23). The taxa examined in this research are three forest species, Cercopithecus neglectus, (SCHLEGEL 1876), known as De Brazza's monkey (2n = 60); Cercopithecus mitis mitis (WOLFF 1822), blue monkey (2n = 72), and Cercopithecus albogularis labiatus (WAHLBERG 1844) afromontane samango monkey (2n = 72) and a savanna woodland sister taxon, Chlorocebus aethiops sabaeus, (LINNAEUS 1776), vervet (2n = 60) previously studied (ROMAGNO et al. 2004b) .
Intrachromosomal organization of human orthologous in non human primates have been recently performed by FISH. The WS loci occurs within the human chromosome 7 synteny, a very informative chromosome that comparative analysis has demonstrated to have been abundantly reshuffl ed during evolution (MULLER et al. 2004; ROMAGNO et al. 2004a ). This reorganization is probably due to the presence of duplicons and fragile sites (HILLIER et al. 2003) and of "evolutionary breakpoints" (RUIZ HERRERA et al. 2006) promoting chromosomal rearrangements. The origin of human chromosome 7 has already been described through molecular cytogenetics methods (RICHARD et al. 2000; MULLER et al. 2004; ROMAGNO et al. 2004; SINEO and ROMAGNO 2006) . The WS probe hybridizes to chromosome 7 orthologous regions in all primates, and its mapping has already shown its usefulness in detecting fi ne-scale rearrangements in primate karyotypes (DESILVA et al. 1999; ROMAGNO et al. 2004b; SINEO et al. 2007; PICONE et al. 2008) .
MATERIALS AND METHODS
C. a. labiatus (CAL) samples were collected from free ranging animals in the Eastern Cape province, South Africa (LS). Cells from primary tissue cultures and fi broblast cell lines (courtesy R. Stanyon) for C. a. labiatus, Cercopithecus m. mitis (CMI), and Cercopithecus neglectus (CNE) were treated in accordance with current protocols. Ch. aethiops chromosomes derive from archive material (ROMAGNO et al. 2004) . Chromosome preparations and GTG-banding before hybridization were performed in accordance with SMALL et al. (1985) and KLEVER et al. (1991) .
In order to perform additional comparisons chromosomes of C. diana (CDI-Linnaeus, 1758), C. l'hoesti (CLH, SCLATER, 1898), A. nigroviridis (ANI, POCOCK, 1907) , Erythrocebus patas (EPA, SCHREBER, 1775) and Miopithecus talapoin (MTA, SCHREBER, 1774) were drawn from SINEO (1986) .
Chromosome nomenclature and numbering followed FINELLI et al. (1999) for CAE, STANYON et al. (2005) , for CNE and EPA, SINEO (1990) for CMI and CAL.
Chromosome 7 evolutionary dynamics has been discussed taking Pongo pygmaeus orthologs as a representative of the ancestral syntenic association.
FISH with Human chromosome paint 7 on C. mitis -In situ hybridization and probe detection were carried out following common FISH procedures. About 300-400 ng of each PCR product per probe, together with 10 µg of human Cot-1 (Invitrogen) were precipitated and then dissolved in 14 µl hybridization buffer. After hybridization and washing of the slides, biotinylated DNA probes were detected with avidin coupled with fl uorescein isothiocyanate (FITC, Vector, Burlingame, CA). Digoxigeninlabeled (DIG) probes were detected with antidigoxigenin antibodies conjugated with Rodamine (Roche, Eugene, Oregon).
Williams Syndrome (WS) probe FISH on Cercopithecus a. labiatus, C. neglectus and C. m. mitis chromosomes -Cloned and PCR rhodamine-labeled probes, derived from chromosomal microdissection, together with commercially available probes (Q-BIOgene -rhodamine labeled/ PlatinumBright) were tested. The locusspecifi c probe identifi es just a part (450 kb) of the Williams-Beuren (WB) region and also contains other genes: LIM (LIM kinase 1 -OMIM 601329); CYLN2 (OMIM 603432); and GT-F2IRD1 (OMIM 604318). Slide pre-treatment consisted of incubation in 2X SSC 0.5% NP-40, pH 7.0 at 37°C for 30 minutes and dehydrated in an ethanol series (70%, 80%, 95%) at room temperature for 2 minutes each. Slides were denatured in 70% formamide/ 2X SSC, pH 7.0 at 72°C (± 2°C) for 2 minutes, and dehydrated in an ethanol series (70%, 80% and 95%) at 4°C for 2 minutes each. The probe was denatured at 75°C for 5-10 minutes and hybridized. Slides after hybridization were incubated overnight at 37°C in a wet chamber. After hybridization slides were washed in 1X Wash buffer (0,5 X SSC/ 0,1% SDS) for 5 minutes at 65°C without agitation. On the wet slide 15 µl DAPI antifade (fi nal concentration 0.02 µg/ml ) or PI/antifade (0.3 µg/ml), and a glass cover slip were applied.
Microscopy and microphotography -A Leica DMLB microscope and TRITC fi lter set for viewing PlatinumBright FISH probe or B/R/G fi lter for FITC and Rodamine label, were used to analyze chromosomes. Image analysis was performed using Adobe Photoshop 7.0 software.
RESULTS
The hybridization signals of the Williams Beuren 7q.11.23 probe on metaphases were clear and strong (Fig.1) . Hybridization signals were found in the majority of cells and the experiments were highly repeatable. The WS probe was located by identifying the HSA chromosome 7 orthologs by painting and banding analyses. Our painting hybridizations indicate that the orthologs of human chromosome 7 in CAL/CMI (2n = 72) are distributed across two segments: a submetacentric chromosome (chr.3) and an acrocentric chromosome (Chrs. 27 and 28). This result is different from the situation found in CNE, where synteny 7 is located on one chromosome, the submetacentric chromosome 3 (STANYON et al. 2005) . The WS probe maps in a pericentromeric position in the q arm of the submetacentric chromosome 3 in CNE and in the q-terminal position of the acrocentric chromosome 27 and 28 of CAL /CMI.
Our results have been compared with archive data available for CAE. In CAE through reciprocal chromosome painting has been showed that HSA 7p21-cen, 7q21, 7q31-ter segments falls on chromosome CAE 21, and 7p22, 7q11.2, 7q22 on CAE 28 (FINELLI et al. 1999) . The WS (7q11.23) probe mapping showed that the signal falls in the q-terminal position of chromosome 28, (ROMAGNO et al. 2004b) .
DISCUSSION
This article reports the chromosomal mapping of Williams-Beuren syndrome related loci (HSA7) on Cercopithecinae chromosomes. This mapping effort pursued two main purposes: the physical localization of these loci with the defi nition of chromosomal dynamics in the tribe, and the following interpretation of these rearrangements in the light of evolutionary relationship between species. Furthermore, the results offer the possibility to discuss a more refi ned issue that involve the tribe and its phylogeny: the supposed subdivision of the tribe in two branches, strictly arboreal or terrestrial (TOSI et al. 2004; TOSI et al. 2005) .
WS related loci map on Human chromosome 7. Synteny 7 is found in ancestral catarrhinae as a single syntenic association (SINEO and ROMAGNO 2006) and it derives from the fusion of two primates ancestral chromosomes. In Cercopithecoidea and Hominoidea, chromosome painting mostly shows human orthologous as a single conserved synteny, not subject to inter-chromosomal rearrangements (JAUCH et al. 1992; NIE et al. 1998 ). According to YUNISH and PRAKASH (1982) and MULLER et al. (2004) , Pongo pygmaeus (PPY10) carries the ancestral condition for the syntenic association. The WB loci have already been mapped in various catarrhinae (DE SILVA et al. 1999; ROMAGNO et al. 2004a ) and platyrrhinae species (SINEO et al. 2007; PICONE et al. 2008) , allowing the detection of fi ne-scale rearrangements which potentially contain information for phylogenetic reconstruction.
Chromosomal phylogeny of the tribe, since the banding approach (ARDITO and MORTELMANS 1975; DUTRILLAUX et al. 1988 ), recognized, according to NAPIER (1985 , an ancestral position to the sister genus Allenopithecus. According to a fi ssioning model starting from this genome (2n = 48) chromosomal evolution processes should have brought to a wide karyotypic variability in guenons (2n = 48-72). This model has been repeatedly proposed or debated by several authors (STOCK and HSU 1973; CHIARELLI 1968; DUTRILLAUX et al. 1979) . Fission/inversion mechanisms hypothesis allowed the identifi cation of several grouping inside the tribe (DUTRIL- LAUX et al. 1988 ) in accordance to taxonomy (i.e. cephus group, mona group, nictitans group, aethiops group). In consequence of these grouping a non clear but stimulating idea of an ecological and evolutionary separation of guenons and sister genera, in strictly tree-dwellers or grounddwellers, was proposed. The situation in effect, is highly unclear. The Miopithecus talapoin can be considered a paradigmatic example of this complexity in the interpretation of different data. Miopithecus (a strictly arboreal monkey!) has often been considered ancestral and close to the "terrestrial" group (DUTRILLAUX et al. 1988; TOSI et al. 2004; TOSI et al. 2005) . Recently by molecul ar data Miopithecus has been linked to the "arboreal" species (XING et al. 2007) . Banding comparisons show high level of chromosome rearrangements in Miopithecus and synteny 7 has been subject to a split into two acrocentric chromosomes and to further intrachromosomal rearrangements (SINEO 1986) . Probably a reciprocal painting approach could give a strong contribution to this issue.
The analysis of the experimental results derived from the mapping of the WS probe ( Fig.   Fig.1 -In situ WS FISH on a) Cercopithecus neglectus and on the right the ideogram of human 7 homolog CNE 3, b and c) on C. albogularis and C. mitis with respectively the ideogram of HSA 7 homologues CMI3/CAL3 and CMI28/CAL27. 1), and from the comparison with archive data relative to different guenons, and to vervet, permits us to propose a possible evolutionary scenario for the synteny HSA7 and consequently for chromosomal evolution in guenons.
The orthologous PPY chromosome was taken as the ancestral starting point. In PPY, the WS probe has been mapped in a p-terminal position on chromosome 10. According to DUTRILLAUX (et al. 1979) and RICHARD (et al. 2000) , and to present banding pattern comparison, we supposed a fi rst divergence of A. nigroviridis (2n = 48), and C. diana (2n = 54), with PPY-like banding pattern (Fig.  2i) . Our reconstruction recognizes a second step of genomic organization in C. neglectus, where the orthologs of HSA 7 (CNE chr. 3) occurs as single chromosome with the same painting pattern of the Gorilla homolog (STANYON et al. 2005) , as a consequence of a pericentric inversion. In confi rmation of this the WS probe falls not on the p-arm as in PPY, but on the q-arm, in a pericentromeric position (Fig. 2ii) .
According to the position of the WS signal, and to banding pattern analysis, CAL and CMI, underwent a more complex rearrangement. A pericentric inversion, followed by paracentric inversion and a successive fi ssion fragmented the synteny (Fig. 2 iii) . This rearrangement produced a submetacentric chromosome (CAL/ CMI3) and a large acrocentric (CAL27/CMI28), that contains the WS signal in a q-ter position. MOULIN (et al. 2008 ) to account for this complex rearrangement of the synteny in the "C. mitis group" proposed a complex change involving two synapomorphic centromere activations, but this hypothesis seems to be less parsimonious and, above all, lack of a certain demonstration of the supposed centromere activation.
The following step in the test of our model consisted in the comparison of experimental results in Ch. aethiops. This comparison has been conducted in consideration of the importance of this taxon in the phylogeny of the tribe, in consideration of the genomic organization of the CAE (2n = 60; an intermediate organization in respect to the range of the tribe), and of its ground-dwelling attitude. Painting results, as like banding pattern, and the position of the WS loci FINELLI et al. 1999; RO-MAGNO et al. 2004b) , suggest that in vervet species there was a single centromeric fi ssion event, that occurred in a PPY-like ortholog, producing two acrocentric chromosomes, a larger 21 and a smaller 28. WS loci is localized in the p-arm of the smaller acrocentric chromosome 28. This is a more simple event that in effect does not effectively delocalize the WS probe position in the sinteny (Fig. 2iv) . Presumably the same fi ssion is found in C. l'hoesti (2n = 60), which has a different Fundamental Number (50) (SINEO 1986) . Published data on reciprocal painting indicate that even E. patas is characterized by the disruption of the synteny into two acrocentrics (SUTO et al. 2003 , STANYON et al. 2005 .Cercopithecini evolution is a very complex issue in primate evolution. A complex genetics is presumably responsible, together with an extraordinary wide and differentiate geographical distribution in sub-saharan Africa, of a high rate of speciation. Ecological, vocal and paleontological evidence converge on a monophyletic origin for the genus even but the issue is still debated. Inside taxon relationship and taxonomical issues are more effi caciously debated and cytogenetics is an important tool in this speculation.
CONCLUSIONS
We used WS probe chromosome mapping in guenons and vervet in order to add data on chromosome evolution in the tribe thought the dynamic of chromosome 7 synteny. This was also the occasion to test the hypothesis of a decisive separation in between arboreal and terrestrial forms, starting from the consideration that this supposed separation should be deduced from the dynamic of synteny 7.
WS mapping and GTG-banding pattern analysis, together with painting patterns, suggest that synteny 7 evolution in guenons has been particularly active, yielding a host of rearrangements. WS probe mapping in four species of cercopithecini shows various and different rearrangements starting from a "conservative", ancestral chromosomal form that was retained in Pongo. These rearrangements include a centric fi ssion (CAE), a pericentromeric inversion (CNE), and peri/paracentric inversion and fi ssion (CMI/CAL).
Single locus hybridization approach together with, BACs mapping, continue to demonstrate their usefulness to understand inside synteny rearrangements of plausible phylogenetic importance. Future molecular cytogenetic studies of syntenic associations in high diploid number guenons (where there is a high level of genomic reshuffl e), like the C. mitis species group could further elucidate chromosomal dynamics in the tribe.
A clear division into a terrestrial vs arboreal branch is not supported by our data; more species should be tested in order to better defi ne the supposed split in two lines. Experimental data reported here indicate that same rearrangements could due to species-specifi c chromosomal dynamics. The possibility of reticulate evolution for some cercopithecini species as previously suggested (MOULIN et al. 2008) 
